' INTRODUCTION
The extraordinary properties of silk 1À8 make it an attractive candidate for many versatile applications. 9, 10 Silk, with a Young's modulus as high as 20 GPa, is as strong as steel but six times lighter 11 and is used as lightweight insulation and textiles. Additionally, silk is biocompatible 9 and biodegradable 12 and is also used for medical sutures 9 and tissue engineering scaffolds. 9, 13 In nature, silkworms and spiders produce silk to fabricate their cocoons and webs, 11, 14 and the fiber properties differ among species. Whereas natural silk spinning suits these silkworm and spider applications, there are significant limitations, namely, that the processing parameters cannot be externally controlled or altered and harvesting these products is both difficult and expensive. As a result, recent steps have been taken 3, 9, 15, 16 to produce synthetic silk fibers from regenerated 13, 14, 17 and recombinant 1,18À23 silk fibroin. Regenerated silk is derived from Bombyx mori cocoons, and recombinant silk is produced via genetic engineering. Advances in recombinant silk technology allow for synthetic changes to be made to the primary silk sequence, providing the potential for optimization of the material for specific use in biomedicine. 22 Despite these advances in silk technology, there is no current synthetic fabrication technique that can replicate the unique properties of native silk.
Silk fabrication methods include electrospinning 13, 17 and wetspinning, 4, 24, 25 which often require the silk dope to be blended with other materials 13 or involve harsh compounds such as lithium bromide and hexafluoroisopropanol (HFIP). 5, 10, 15 ,25À28 These processes also utilize lengthy coagulation times ranging from 1 h to overnight 4,10 while offering limited control over fiber properties or versatility in collection methods. Neither wet-spinning nor electrospinning can align silk fibroin molecules in a manner that is similar to native spinning 4, 17 or reproduce silk's unique secondary structure, 10, 13, 17, 25 which is a significant drawback because it has recently been recognized that the key to the properties of silk lies within this secondary structure. 5,6,10À12,14,29,30 Therefore, determining the structureÀproperty relationships of silk fabricated in a reproducible manner would be a significant advancement in materials processing. 10, 31 There is also a need for a fabrication method that would enable rapid silk fiber fabrication to facilitate inexpensive and systematic screening of recombinant silk sequences. Recombinant silk has been produced by utilizing organisms ranging from E. coli 32, 23 to goats 22 and offers the ability to alter the primary silk protein sequence. Changes to this sequence will result in the formation of different structures within the silk and thus different fiber properties that can be optimized for specific applications. However, it is difficult to manufacture large quantities of these silk solutions, and current silk processing techniques cannot facilitate rapid fiber production from small amounts of solution to investigate the sequenceÀstructureÀproperty relationships of the recombinant silk variants.
ABSTRACT: Despite widespread use of silk, it remains a significant challenge to fabricate fibers with properties similar to native silk. It has recently been recognized that the key to tuning silk fiber properties lies in controlling internal structure of assembled β-sheets. We report an advance in the precise control of silk fiber formation with control of properties via microfluidic solution spinning. We use an experimental approach combined with modeling to accurately predict and independently tune fiber properties including Young's modulus and diameter to customize fibers. This is the first reported microfluidic approach capable of fabricating functional fibers with predictable properties and provides new insight into the structural transformations responsible for the unique properties of silk. Unlike bulk processes, our method facilitates the rapid and inexpensive fabrication of fibers from small volumes (50 μL) that can be characterized to investigate sequenceÀstructureÀproperty relationships to optimize recombinant silk technology to match and exceed natural silk properties.
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Whereas natural silk processing is not fully understood, 1, 2, 21, 33, 34 certain aspects have been well-characterized. Fiber formation is accompanied by the transition of a globular protein (silk I) to a fiber rich in highly ordered β-sheets arranged between globular regions (silk I and silk II). 1,2,11,13,17,33À38 This combination of strong β-sheet networks between extensible globular regions forms the unique secondary structure of silk that gives rise to both its strength and toughness. 1, 2, 9, 12, 38 In B. mori silkworms, the silk solÀgel transition is believed to be induced by the combination 11 of the elongational flow caused by the decrease in the cross-sectional area of the lumen of the spinning gland, 1, 31 which aligns the silk fibroin in the direction of the flow 2, 16, 17, 35 as well as the significant drop in pH 1, 16, 21 along the gland, which results in the protonation of certain side groups. 1 Together, structure and chemistry promote the formation of strong hydrogen bonds. 33 Given the nature of native silk spinning, microfluidics is an excellent choice to recreate this process in a controlled manner while requiring only small amounts of silk solution.
The current Article describes the use of microfluidic fluid focusing techniques to fabricate silkworm fibroin fibers with predictable and controllable properties. Microfluidic approaches have been used to investigate the molecular transitions of silk fibroin during fiber formation 21, 34 but have focused primarily on investigating silk molecular assembly and not on developing a microfluidic fiber fabrication method. This tunable fabrication process can customize fiber properties and broaden potential applications while providing novel insight into how processing factors are related to structural outcomes. Importantly, via the scaling involved, the process is also amenable to rapid or high throughput screening of processing variables related to fiber properties.
' EXPERIMENTAL SECTION Materials and Synthesis. Regenerated silk fibroin (RSF) aqueous solution of 8% w/v and pH 6.6 is prepared from Bombyx mori cocoons according to a previously published protocol. 13 Poly(ethylene oxide) (PEO) aqueous solution of 3% w/v is prepared from 900 000 MW PEO (Sigma Aldrich, St. Louis, MO). Hydrochloric acid solution (1 M) (Sigma Aldrich) is added to adjust the pH of the PEO solution to 1.5. The microfluidic devices are fabricated from poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, Midland, MI). Standard soft lithography is used to fabricate patterned relief structures on silicon wafers as molds for device production. A multilayer technique is used to produce the 3D device structure. In brief, each mold is composed of two aligned layers. The bottom is symmetric and contains all three inlets and one outlet. The top layer, however, contains only one inlet and one outlet, providing for a second tier that results in an asymmetric channel design (Figure 1a) . The PDMS is mixed in a 10:1 base-to-curing agent ratio, poured in the silicon mold, degassed for 1 h, and cured for 1 h at 65°C. After being cleaned with ethanol (Sigma Aldrich), two identical patterned PDMS pieces are aligned and sealed face-to-face to enclose the asymmetric microfluidic channel. To form this seal, the surfaces are treated in a plasma etcher (PDC-32G Plasma Cleaner/Sterilizer, Harrick Scientific, Ossining, NY) on medium RF level for 30 s. Each assembled channel is 400 μm wide. The silk inlet is 80 μm high, each PEO inlet is 155 μm high, and the outlet is 230 μm high. Polyethylene tubing (PE 50, Beckton, Dickinson and Company, Franklin Lakes, NJ) is attached at the three device inlets (Figure 1b) . In preparation for use, the device is submerged in a methanol (Sigma Aldrich) bath in a Petri dish.
Device Design and Flow Conditions. The microfluidic device presented here is designed to mimic certain aspects of natural silk processing in a controlled manner. The cross-shaped channel is fabricated from PDMS 39 and consists of three inlets and one outlet (Figure 1b) . RSF aqueous solution from B. mori cocoons flows through the main (central) inlet and reaches the cross intersection where it interacts with two outer streams of PEO solution. Unlike basic microfluidic channels, the device is tiered in this area (Figure 1a ). For traditional hydrodynamic focusing, a main solution stream is focused from either side by two outer streams. This tiered design facilitates focusing from all directions to prevent clogging due to adsorption of proteins to the channel walls and maximize the interface between the solutions. PEO is used for the outer streams at a concentration chosen to match the viscosity of the silk solution to avoid pearling instabilities that arise with the use of water or other lower viscosity solutions. Laminar flow dominates within the channel, preventing any PEO diffusion into the fiber, and residual PEO can easily be rinsed from the fiber surface. The PEO solution is of low pH compared with the silk, mimicking the pH drop found in B. mori silkworms. 1 This pH drop initiates the structural transformations necessary for fiber formation. The interaction of the solutions at the cross region causes elongational flow, 40, 41 where the silk stream is hydrodynamically focused by the outer PEO solution streams (Figure 1c) . This mimics the decrease in cross-section seen in the B. mori spinning gland, causing alignment of the globular fibroin protein and acting in conjunction with the pH drop to initiate the solÀgel transition. Structural transformations continue along the length of the outlet channel, and the silk fibers exit into a surrounding methanol bath. This reservoir acts as a coagulation bath, further strengthening the associations formed between the silk fibroin molecules within the device. Any residual methanol on the fiber surface is removed by a washing step, and no harsh materials remain in the fiber. The result of this process is a smooth silk fiber with consistent cross section, as shown in Figure 1d . These fibers are stable in water and easy to handle and collect.
Modeling Flow and Fiber Fabrication. Fluid flow in the device is controlled by a customized servo-motor-controlled syringe pump designed at the Max Planck Institute for Dynamics and Self-Organization (G€ ottingen, Germany). We developed an estimate to describe and predict the flow behavior in the device based on changes in channel dimensions and input flow rates, which predicts the width of the silk stream in the outlet (details in the Supporting Information). Additional approximations are utilized to determine the effect of methanol treatment on the final fiber Biomacromolecules ARTICLE diameter. Fibers of various diameters are fabricated via silk-to-PEO flow rate ratios ranging from 0 to 1. Fibers are collected from the outlet, soaked in water to remove residual methanol or PEO, and allowed to dry. The diameter of the dry fibers is measured from bright field images. Each fiber is then exposed to water for 10 min, and the wet fiber diameter is measured.
To produce drawn fibers, the silk and PEO solutions are maintained at control channel speeds of 0.22 and 0.62 mm/s, respectively. Fibers exit the device outlet, pass through a methanol reservoir under a freely rotating Teflon rod and exit the reservoir vertically into the air for collection by a motorized stage. A custom frame with an adjustable rod is used to hold the device in place and maintain the duration of methanol treatment at 30 s regardless of flow rates or drawing speed (Figure 1e ). Undrawn fibers are collected with the motorized stage moving vertically at the same speed at which the fibers exit the channel (0.89 mm/s, calculated from input flow rates and channel dimensions). Drawn fibers are collected three times as fast as they are fabricated and exit the channel. To ensure uniform methanol treatment, the distance between the outlet and rod is tripled for drawn fibers compared with undrawn fibers. All fibers are stored in water for at least 24 h prior to use or characterization. Bright-field images of fibers and flow are acquired with an Axiovert S25 inverted microscope (Carl Zeiss, Thornwood, NY).
Mechanical Characterization. Mechanical testing is carried out
with an Instron 5848 Microtester (Instron, Norwood, MA) with a 5 N load cell using a method adapted from Perez-Rigueiro et al. 42 Single fibers are mounted by attaching both ends of the fiber to a paper frame with epoxy to provide stability during handling. Once loaded, the frame is cut to remove its support, and the fiber is extended at a strain rate of 0.01 s À1 until failure. Force and extension measurements are taken throughout testing. Initial sample length is used to calculate strain. Initial cross-sectional area (measured from bright field images of the fibers) is used to calculate engineered stress. Mechanical properties are calculated from the resulting stressÀstrain plot. Failure stress and failure strain are defined as the maximum stress value reached prior to failure and the strain value at failure, respectively. Young's modulus is calculated by fitting a straight line to the linear elastic region of the stressÀstrain plot and determining its slope. Native Bombyx mori fibers (kindly provided by M. Tsukada, Institute of Sericulture, Tsukuba, Japan) are first characterized to validate the chosen testing techniques, and then RSF fibers are tested.
Fourier Transform Infrared Spectroscopy. Fourier transform infrared spectroscopy (FTIR) is used to characterize silk secondary structure. The PEO solution is dried into thin films for this analysis. RSF silk is analyzed in aqueous solution form. Native and RSF fibers are bundled into small flat pellets for analysis. Absorbance spectra from 4000 to 400 cm À1 are acquired with a JASCO FTIR 6200 spectrometer (JASCO, Toyko, Japan), and 256 scans are averaged for each sample, with overall resolution of 4 cm À1 . A background spectrum is collected prior to each sample spectrum. Emphasis is placed on the amide-I band (1720À1580 cm À1 ), which has been wellstudied for silk fibroin and is indicative of secondary protein structure. Fourier self-deconvolution (FSD) is performed by a method adapted from Hu et al. 38 In brief, a linear baseline is subtracted from the region of interest, and a ninepoint smoothing filter is applied. FSD is performed with the Happ-Genzel apodization scheme, a bandwidth of 25 cm
À1
, and an enhancement factor of 3.0. Gaussian shape profiles are fit to the baseline-corrected deconvoluted spectra using floating parameters. In each case, the spectrum is processed so that the resolved peaks align with the minima of the second derivative, a widely accepted criterion for appropriate deconvolution. 29, 38, 43 Peak assignments are made according to Hu et al. 38 and in agreement with other published results. 39, 42 To estimate total β-sheet content, we normalized the area of β-sheet peaks by total band area. Parameter variation has little effect on total β-sheet content values.
Wide-Angle X-ray Scattering. Wide-angle X-ray scattering (WAXS) experiments of the silk fibers are performed using a Bruker AXS Nanostar (Karlsruhe, Germany). Both native B. mori and RSF fibers are dried and mounted with kapton tape. The WAXS instrument accommodates a q range from 1 to 33 nm À1 . The setup includes a rotating anode X-ray source for Cu KR radiation (wavelength λ = 0.154 nm) at a generator power of 4.05 kW and a virtually noise-free, real-time 2D Hi-Star detector with photon-counting ability. All 2D detector images are taken at ambient temperatures with exposure times of 7200 s per sample and azimuthally averaged using Fit2D software to produce 1D intensity profiles.
' RESULTS AND DISCUSSION
An inherent advantage of microfluidics is the flexibility it provides for controlled flow in the device, allowing for the optimization of processing parameters as well as tuning of fiber properties such as diameter. Variation of the flow speeds in the channel allows for control of fiber diameter based on the fluid hydrodynamics in the elongational flow region within the channel. The degree of focusing of the silk solution stream is highly dependent on the relative silk and PEO solution flow rates. For an estimate of the silk solution stream diameter, the flow in the main channel is approximated by a parabolic profile, and the channel is approximated as cylindrical, giving the diameter of the silk stream in the outlet, d
where V silk is the volumetric flow rate at the silk inlet, V outlet is the volumetric flow rate at the outlet, and Q outlet is the cross-sectional area of the outlet. Details of this derivation can be found in the Supporting Information. The resulting predictions for the silk stream width in the main channel outlet match very well with experimental data for various silk/PEO flow rate ratios between 0 and 1 (Figure 2) . Note that the solid line is not a fit but is directly derived from eq 1. This prediction demonstrates the broad range of fiber diameters that can be easily fabricated in the same device by varying the input flow rates.
As the fiber passes through the methanol reservoir, the treatment strengthens the fibers and causes additional dehydration, resulting in a decrease in cross-sectional area. The addition of a hydrophilic alcohol causes the molecular chains of the silk fibroin to interact quickly and strongly with one another.
14 Silk dehydration in methanol increases nonlinearly with time to a plateau region and has been studied previously for other forms of Biomacromolecules ARTICLE silk, 15, 36 including thin films. 24 The time dependence of diameter reduction was quantified for this system (data not shown), and the length of methanol treatment used (30 s) is within the plateau region where maximum coagulation occurs. Regardless of the flow rate ratio, the dry fiber diameter is ∼32% of the predicted silk stream diameter. Additionally, when dry fibers are exposed to water again, they swell by 36% of their dry diameter. Interestingly, this reduction and swelling does not depend on initial silk stream diameter. Using a 400 μm wide channel, fibers ranging from 20 to 45 μm were easily fabricated by varying silk and PEO flow rates. Additional variations of flow rates or alternative device dimensions can be used to broaden this range.
Equation 1 predicts the pre-methanol diameter for a given set of device dimensions and input flow rates, and diameter reduction from methanol exposure is considered in conjunction with these predictions to calculate the final fiber diameter for either dry or wet applications. Working backward, the flow parameters necessary to fabricate a fiber with a carefully controlled diameter can be easily determined. This fabrication method is advantageous because fibers of different diameters can be fabricated from the same device without any additional equipment or setup time. Also, a fiber could be tailored with a gradient or other variation of diameter along its length for unique applications.
Fiber diameter can also be tuned by postspin drawing, which is used for many other materials and has been shown to alter resulting mechanical properties. Inspired by an integral step in many forms of spider silk spinning, 44 an optional drawing step is used to strengthen the fibers, while also reducing their diameters. To investigate the effects of varying flow rates and fiber drawing on silk properties and structure, a 400 μm wide channel is used to fabricate fibers of constant diameter. Flow rates were varied to control the diameter in the range of 20 to 45 μm. Drawn fibers were fabricated with control flow velocities of v silk = 0.22 mm/s and v PEO = 0.62 mm/s, chosen from within the range previously investigated, and collected three times as fast as undrawn fibers as described in the Experimental Section. Drawing results in diameters as small as 10 μm, which is on par with native silk. The qualitative differences in mechanical behavior can be seen from representative stressÀstrain plots for undrawn RSF fibers, drawn RSF fibers, and native fibers (Figure 3aÀc ). Note the different y-axis scales. The native fiber illustrates typical silk behavior with an initial elastic region, a deformation region, and finally an uncoiling region prior to failure. The uncoiling region is also seen in drawn fibers but is missing from undrawn fibers.
Mechanical characterization of the silk fibers illustrates the range of potential properties that can be achieved. Single fiber uniaxial tensile testing of native B. mori silk shows a Young's modulus of 13 GPa, failure stress of 590 MPa, failure strain of 11%, and average as-spun diameter of 12 μm. These results fit well within the range of previously reported values, 9, 12, 17, 24, 42 thus validating the chosen testing technique. The RSF fibers fabricated in this device are easy to handle, but they are not as strong as their native counterparts. The results of mechanical testing are summarized in Figure 3dÀf . Fibers are grouped by diameter with drawn fibers represented by black boxes and undrawn fibers from various flow rates represented by white boxes. Each 5 μm grouping has a minimum N = 3, and error bars represent standard error. Figure 3 illustrates the reproducibility of mechanical properties for fibers between 20 and 45 μm in diameter. Mechanical properties including Young's modulus, failure stress, and failure strain remain fairly constant across various flow rate ratios. Therefore, this fabrication technique allows us to decouple properties and diameter for independent variable control.
Drawing the RSF fibers leads to a significant and expected increase in Young's modulus 24 along with a decrease in diameter Biomacromolecules ARTICLE and brings both values closer to those for native B. mori fibers. Drawing also increases the failure strain to match or exceed that of native silk. This can be attributed to the large uncoiling region that partially mimics the mechanical behavior of native silk and is not present for undrawn fibers. This may be due to the uncoiling of intramolecular β-sheets that plays a large role in natural silk, especially in the strain hardening of spider silks. 45 Undrawn and drawn fibers can be viewed as both extremes of a spectrum of potential properties, presenting a broad range of possible Young's moduli, failure stresses, and failure strains that can be tuned for tailored applications. Additionally, the ability to tune properties and diameter independently is an important advantage of this fabrication system, allowing for precise single-variable control.
Despite these property changes due to fiber drawing, the RSF fibers still do not rival native silk properties. The fundamental step in natural silk fiber formation is the transformation of the protein solution into the β-sheet rich secondary structure responsible for the unique properties of silk. Therefore, we are interested in comparing the secondary structure and organization of our fibers with native silk, particularly, β-sheet content and alignment; we use FTIR and WAXS to investigate the secondary structure of the RSF fibers fabricated with our device.
Silk fibroin is composed of a long repetitive chain of amino acids with many amide bonds 11, 12, 36, 38 and FTIR absorption spectra illustrate the organization of these bonds in a variety of secondary structures (i.e., R-helix, β-sheet). 24, 43 The amide-I band of the FTIR spectra (from 1720 to 1580 cm À1 ) contains numerous overlapping absorbance peaks, each corresponding to a specific secondary structure. 15, 29, 46 There is a shift in the composite amide-I peak for native and both drawn and undrawn RSF fibers to lower wavenumbers compared with 8% w/v RSF solution, which is indicative of an increase in β-sheet content within the fibers (Figure 4a) . Interestingly, the overall shape of the peak for drawn fibers is different from that of native and undrawn fibers. This characteristic shape indicates that whereas there is a significant β-sheet content in the sample, there is also a large contribution to the signal from silk-I conformations. Silk I, a hydrated type II β-turn structure, is the key intermediate structure for forming mechanically robust natural silk fibers. 47 FSD results further clarify the structural differences by resolving the component peaks for each structure type within the band. 29, 38, 46 Variation of the parameters of the FSD (including bandwidth and enhancement factor) further validates these findings. The assignment of each peak to its corresponding structure type is based on previous work. 38, 48 Because the area of each peak is proportional to the amount of that structure in the sample, normalized area provides a direct measure of structural content. 48 The native fibers are found to be 54% β-sheets, which matches well with previous work. 13, 36 FTIR measurements show that 8% RSF solution contains 20% β-sheets. Additionally, the β-sheet content for all undrawn fibers remains ∼49% with no significant differences between flow rates, indicating similar internal structure for fibers of various sizes. This large increase from the 8% solution confirms the formation of ordered structures within the device and methanol bath. Methanol coagulation alone cannot cause the formation of the silk-II β-sheet structure 37 but rather acts in conjunction with assembly within the device and further strengthens the β-sheet structures. FTIR experiments confirm the transition from silk solution to β-sheet-rich structure in the undrawn RSF fibers, which contain almost as many β-sheet structures as B. mori fibers.
Interestingly, drawn RSF fibers contain 42% β-sheets, slightly less than their undrawn and native counterparts. It should be noted that the fibers are drawn as they are fabricated, and the lower β-sheet content does not necessarily indicate that β-sheets are formed and then disrupted via drawing. This is likely due to the inclusion of the silk I structural elements, which are present in these fibers and act in conjunction with the β-sheets to provide the increased failure stress and failure strain seen in mechanical testing. Previously published work has shown that water has a significant influence on the formation of silk I structure, 47 and we believe drawing the fibers in the wet stage is a fundamental aspect of achieving this structure combination and could be further utilized to optimized mechanical properties.
The 3% w/v PEO solution was chosen for the outer stream solution to meet certain design criteria, including to match the viscosity of the silk solution and to simplify the flow in the device and also because it is inexpensive, readily available, and its pH can be easily altered. Unlike seracin, the material used by B. mori silkworms to spin their fibers that has been implicated in unfavorable immune responses, 49 PEO is a biocompatible material so it is an excellent choice for fabricating materials that may be used in vivo. Whereas the presence of PEO would not be harmful, it may affect mechanical and surface properties, and steps were taken to ensure that PEO was not present in the final fibers. Laminar flow dominates within the microfluidic channel, preventing the diffusion of the large molecule into the silk stream. Additionally, a washing step is included in the fabrication process to remove any residual PEO from the fiber surface. To demonstrate the absence of PEO in our fibers, we show full FTIR spectra in Figure 4 . The spectrum for our PEO solution shown in Figure 4b matches the well-characterized and previously published PEO spectrum, with dominant peaks at 2900, 1460, 1104, and 850 cm À1 . 50 ,51 Figure 4c shows full FTIR spectra for undrawn RSF, drawn RSF, and native silk fibers. The characteristic PEO peaks are not present, and there are only slight differences between the three spectra due to the differences in the secondary structure and organization of the silk fibroin, not due to the presence of PEO.
To augment these FTIR results, we used WAXS to investigate the organization of the secondary elements within the fiber that can significantly affect the mechanical properties. The WAXS results further reveal the secondary structures present and their organization within native and RSF fibers. The WAXS profiles for ) versus the azimuthal angle for undrawn RSF fibers (d), drawn RSF fibers (e), and native Bombyx mori silk fibers (f) illustrate differences in fiber orientation that are partially responsible for different mechanical properties. 2D diffraction patterns for each sample type are shown in parts gÀi.
native, undrawn, and drawn RSF fibers produced in microfluidic devices are similar, with the predominant peaks for all three types of fibers found at q = 14.5 and 17.25 nm À1 (Figure 5aÀc ). WAXS profiles can be used to determine the characteristic distances in ordered materials. This spacing is different for each type of secondary structure found in silk, and various d-spacing values have been attributed to the common structures in silk-I (R-helices, random coils, and globular proteins) and silk-II (rich in highly ordered β-sheets) conformations. The peaks present at q = 14.5 and 17.25 nm À1 correspond to d-spacing values of 0.36 and 0.43 nm, respectively. Both of these values have been attributed to β-sheet content and silk-II conformations 2, 4, 14, 36, 37 and are inherent to native silk fibers. These results complement the FTIR findings and further validate the predominance of silk II structure within all three fiber types.
WAXS also provides information about the alignment of elements within the fiber. The peak intensity at q = 14.5 nm
À1
of the 2D X-ray patterns is plotted versus the azimuthal angle to illustrate β-sheet orientation. A fiber lacking preferential orientation will have isotropic intensity in all directions, and the plot of intensity versus azimuthal angle will be relatively constant. However, an aligned fiber will have peaks in the intensity versus azimuthal angle plot that indicate the direction of orientation within the fiber. Alignment along the fiber axis will result in intensity peaks 180°f rom each other. Figure 5dÀf shows intensity profiles for the dominant silk-II peak for undrawn RSF, drawn RSF, and native fibers. Undrawn fibers show no β-sheet alignment, whereas drawn fibers show some alignment in the direction of the fiber drawing. Native fibers also have a large degree of alignment along the fiber axis. These results suggest that alignment of β-sheets within the fiber is responsible for the enhanced strength of drawn fibers, but this alignment is not as strongly oriented as in native fibers, and these structural differences contribute to the remaining disparities in the properties of the two fiber types. The effects of drawing can be partially attributed to additional alignment of fibroin molecules along the fiber axis. 10, 12, 22, 24 Overall, slight differences in structural content that arise from drawing fibers in the wet state, including the presence of silk-I structure, contribute to enhanced failure strain of drawn RSF fibers, and alignment of β-sheet crystals is induced during drawing enhancing the failure stress of these fibers.
' CONCLUSIONS
The microfluidic fabrication technique presented here offers control over processing parameters while also providing versatility for fiber customization. The diameter of the fibers produced depends on the dimensions of the channel and the extent of hydrodynamic focusing at the microfluidic device cross region. Additionally, the fiber can be drawn to alter mechanical properties and increase Young's modulus. 24 Fibers for different applications require unique properties such as failure strength, failure strain, and Young's modulus. For example, fibers with load bearing functions will need to withstand high stresses without failure; fibers for applications such as components within a synthetic blood vessel under pulsatile flow will need to be highly extensible; and fibers for tissue engineering scaffold fabrication require a specific Young's modulus for the appropriate cellular response. 52 Fiber diameter will also affect cellular response in tissue engineering applications and may be critical for other uses, including textiles.
Simple changes in the processing parameters allow for the straightforward customization of fiber diameter, whereas a variable drawing process can tune the fiber mechanical properties across a range from low density polyethylene and poly(tetrafluoroethylene) 53 up to values close to native silk. These fibers can be easily collected with a variety of methods to facilitate the fabrication of 2D and 3D constructs for applications from tissue engineering scaffolds to low weight insulation. The ability to tune diameter and modulus across a large range also enables the independent variation of these parameters. Additionally, by varying the flow rates in the channel, fibers of many different diameters can be fabricated from the same device without any additional equipment or setup time. Very long continuous fibers can be fabricated with varying diameters along their lengths to create diameter gradients or other patterns for tailored material applications.
The fundamental step in native silk fiber fabrication is the transformation of globular silk solution to a highly organized structure that is rich in β-sheets between amorphous regions. Current processing techniques cannot rival native silk properties because without a complete understanding of how natural silk spinning occurs it is impossible to replicate this unique structure. Silk I is known to be the key intermediate structure for forming mechanically robust natural fibers, 47 and we have identified a process capable of inducing this structure, along with the important β-sheet content, in a controlled and versatile silk fabrication system. This method provides an important step toward mimicking native silk structure, and with the addition of the proper follow up processing it may be possible to complete the process of transforming the silk solution to the native fiber structure by way of this wetdrawn RSF intermediate material. Whereas we still have not matched native properties, we have gained a much clearer picture of the structural transformations occurring in the silk fiber, and we can use this insight to relate processing, structure, and properties to move forward toward achieving this goal.
Additionally, the small volumes required for this spinning process make it a useful tool for the investigation of the fiber forming capabilities of various recombinant silk sequences in the future. Fibers can easily be fabricated from as little as 50 μL of aqueous silk solution and fully characterized mechanically and structurally as described, making this system a potential, complete, and inexpensive screening tool for synthetic silk engineering. The technique eliminates the need to produce bulk quantities of each potential sequence, greatly reducing the cost and time required to investigate recombinant sequences and facilitating the understanding of how varying the sequence will affect the structure and the resulting properties. These sequenceÀstructureÀproperty relationships can be utilized to determine the slight changes in the protein sequence necessary to redirect silk assembly to more closely mimic or even exceed the properties of native silk.
This microfluidic device is not limited to fiber fabrication and can also provide a means to investigate conformational changes in numerous biopolymers of interest, including collagen and elastin. The optical transparency of the PDMS surfaces allows the investigation of processes occurring within the channel by various techniques such as polarized light microscopy. 38, 41 Additionally, PDMS channels fabricated with Kapton covers are ideal for the real-time study of fibrillogenesis using synchrotron microfocused beams at various positions within the channel to monitor structural transitions. 40, 54 Such studies would further clarify silk fibroin and other protein molecular transitions. 
